The repetitive region of the circadian clock gene period in Drosophila pseudoobscura consists predominantly of a pentapeptide sequence whose consensus is NSGAD. In D. melanogaster, this region is replaced by a dipeptide Thr-Gly repeat, which plays a role in the thermal stability of the circadian phenotype. The Thr-Gly repeat has been shown to form a type II or III b-turn, whose conformational monomer is (ThrGly) 3 . Here we report, using conformational analyses, that both an NSGAD pentapeptide, and a polymer of the same sequence, form type II b-turns. Thus two peptide sequences, whose amino-acid composition is very di¡erent, nevertheless form the same secondary structure. The implications of these structures for clock function are discussed.
INTRODUCTION
The ability to anticipate daily cycles is conferred by endogenous biological clocks with an intrinsic circadian period of approximately 24 h. Studies of circadian mechanisms in a variety of organisms, from cyanobacteria to mammals, reveal that the central clock mechanism involves`clock genes' which participate in transcriptional^translational feedback loops (Reppert 1998; Dunlap 1999) . Drosophila melanogaster has so far provided the most detailed description of the workings of the central oscillator. In this organism, two proteins, PERIOD (PER) and TIMELESS (TIM), interact to generate circadian rhythmicity (Sehgal 1995; Hall 1995; Gekakis et al. 1995) . PER and TIM act as negative regulators of their own transcription, forming an autoregulatory feedback loop. The roles of doubletime Price et al. 1998) , clock and cycle (Darlington et al. 1998; Rutila et al. 1998; Allada et al. 1998) have recently been described, revealing a fascinating glimpse of the workings of the molecular oscillator in the £y (Dunlap 1999) .
The central portion of the per gene in D. melanogaster encodes alternating pairs of predominantly Thr-Gly, but also Ser-Gly dipeptide pairs. This repetitive region is conserved in the mammalian mper1 homologue, suggesting that it may play an important functional role in circadian phenotypes (Sun et al. 1997; Tei et al. 1997) . In addition, Thr-Gly repeats are found in the Neurospora clock gene frequency ( frq, McClung et al. 1987) , and the transcription factor white-collar-2 (Linden & Macino 1996) , which activates frq (Crosthwaite et al. 1997) . The Thr-Gly repeat region in D. melanogaster is variable in length, with the most common variants encoding 17 and 20 amino-acid pairs. These variants are distributed as a signi¢cant latitudinal cline in Europe, with the highest levels of the shorter length variant distributed predominantly in the south (Costa et al. 1992) . This Thr-Gly polymorphism appears to`¢ne-tune' the circadian clock to di¡erent thermal environments (Sawyer et al. 1997) , and shows nucleotide variation that is consistent with balancing selection, both in D. melanogaster and Drosophila simulans (Rosato et al. 1994) . A structural approach revealed that (Thr-Gly) 3 represented the conformational monomer, and generates a stable type II or type III b-turn. Furthermore, the polymer can adopt di¡erent conformations, depending on the temperature and polarity of the surrounding environment (Castiglione-Morelli et al. 1995) . Remarkably the circadian temperature response of the common natural variants in D. melanogaster, (Thr-Gly) 14, 17, 20 and 23 , which di¡er by steps of (Thr-Gly) 3 was linear, revealing a correlation between structure and behaviour (Sawyer et al. 1997) .
Drosophila pseudoobscura shows the longest repetitive region of all per genes so far analysed (Colot et al. 1988) . In this case, the repeat consists of about ten copies of a degenerate Thr-Gly motif to which 30^35 copies of a tandem degenerate pentapeptide cassette, consisting of the ¢ve amino-acid consensus NSGAD, have been added (Costa et al. 1991; Peixoto et al. 1993) . The latter has probably been derived through slippage from the dipeptide Thr-Gly (Nielsen et al. 1994; Rosato et al. 1996) . Length polymorphism in the D. pseudoobscura repeat region is due to variation in the number of the NSGAD motifs and not in the number of encoded Thr-Gly pairs (Costa et al. 1991) . In this paper we ask whether the D. pseudoobscura pentapeptide repeat is in fact a conformational homologue of the (Thr-Gly) 3 motif of D. melanogaster. If it is, then perhaps it subserves the same functions, at least one of which is to generate £exibility in the circadian response to temperature challenges (Sawyer et al. 1997) . Consequently the pentapeptide NSGAD, and the polymer (NSGAD) n were generated by solid phase synthesis and studied by circular dichroism (CD) and nuclear magnetic resonance (NMR).
METHODS
(a) Peptide synthesis (i) H-Ala-Asp(tBu)-Asn(Trt)-Ser(tBu)-Gly-OH Solid phase assembly of the pentapeptide was performed using an Applied Biosystems (Perkin Elmer, Monza, Italy) Model 431A peptide synthesizer. The syntheses were performed by using a 0.25 mmol scale, starting with Fmoc-Gly-Sasrin resin ester (substitution 0.65 mmol g 71 ).
Fmoc strategy was used and a single coupling protocol with 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexa£uoro-phosphate/N-hydroxybenzotriazole in N-methylpyrrolidine. Coupling yields were determined by ninhydrin analysis of a small aliquot of peptide resin, which was removed automatically after each coupling reaction. The ¢nal peptide, protected at the a-amino group and in the side-chain, was cleaved from the resin by a repeated mild acid treatment (four times, 1% tri£uoroa-cetic acid (TFA)/dichloromethane; 40^50 ml g 71 peptide resin, 1min at room temperatures). The acid solution was dried in vacuum and the residue was taken up in ethyl acetate (4^5 ml), then excess diethyl ether was added and the resulting precipitate was collected, washed with diethyl ether and dried in vacuum (yield 190 mg, 93%). The crude peptide (matrix assisted laser desorption ionization time-of-£ight calculated averaged mass 856), homogenous by analytical high-performance liquid chromatography (HPLC) as reported in ¢gure 1, was used directly for polymerization [M + H] + .
(ii) Poly(Ala-Asp-Asn-Ser-Gly)
Diphenyl phosphorylazide (0.06 ml, 2.845 mmol) and triethylamine (0.091ml, 0.65 mmol) were added to a solution of 190 mg (0.186 mmol) of H-Ala-Asp(tBu)-Asn(Trt)-Ser(tBu)-Gly-OH in 0.186 ml of dimethylsulphoxide (DMSO). After stirring for one day at room temperature, a precipitate was obtained by addition of ethanol. The precipitate was then ¢ltered and washed repeatedly with water (yield, 43%). The partially protected polypeptide was deblocked by exposure to 95% TFA (5 ml).
(b) Spectrometry (i) CD spectra CD spectra were recorded in cylindrical cells (0.1 and 0.01cm path length), with a Jasco (Tokyo, Japan) 600A automatic circular dichrograph. Sample concentration was 0.1mg ml 71 for the pentapeptide and 0.25 mg ml 71 for the poly(NSGAD). All spectra were smoothed using the instrument's internal Fourier transform routine. Baseline spectra of the appropriate solvents were subtracted. Data were expressed in terms of molar ellipticity per pentameric unit, in units of degrees cm 2 dmol 71 .
(ii) NMR spectra NMR spectra were recorded on 300 and 500 AMX Bruker (Reinstetten, Germany) spectrometers. The peptide was dissolved in perdeuterated DMSO (DMSO-d6; Aldrich) giving a sample concentration of 0.6 and 6 mM, respectively. Monodimensional spectra were acquired in quadrature with a sweep width of 3000 Hz, a £ip angle of 608, and a memory block size of 16 K. Spectra in DMSO were referred to the centre of the solvent signal at 2.49 ppm. Temperature coe¤cients were determined by monitoring the amide proton chemical shifts, while recording one-dimensional spectra with 5K increments between 290 and 315 K. Two-dimensional experiments were performed using the standard Bruker microprograms. Double-quantum ¢ltered correlation spectroscopy (DQF-COSY) and nuclear overhauser e¡ect spectroscopy (NOESY) spectra were recorded in the phase-sensitive mode with 400 or 512 t1 values and 64 transients per spectrum. Data points at 1K or 2 K were collected in t2 dimension.
The mixing times for NOESY experiments were 100 and 250 ms. Spectra were Fourier transformed, using a p/3 phaseshifted sine-bell window function in both dimensions.
RESULTS
Figures 2 and 3 show the CD spectra of the pentapeptide NSGAD and the polypeptide (ADNSG) n in two di¡erent organic solvents: tri£uoroethanol (TFE) and hexa£uoroisopropanol (HFIP). In the case of the pentapeptide, the CD spectra are similar to those expected for a mixture of open and folded (possibly type II b-turn) conformations (Perczel et al. 1993) . Consistent with this interpretation, the spectrum in TFE is red-shifted with respect to that in HFIP. In particular, since TFE is the more structuring of the two solvents, an increase of type II b-turns in the presence of the former is expected. This e¡ect is much more evident in the case of the polymer: while in TFE a positive band appears around 206 nm (diagnostic of a type II b-turn conformation), in HFIP the negative peak observed around 200 nm, is indicative of an increase in unstructured conformations. Thus these spectra clearly provide evidence for an enhanced stabilization of the folded conformation with increasing peptide chain length. In other words, the longer the repeat length, the more structured is the peptide, which has clear implications for the natural situation where there are more than 30 pentapeptide repeats Due to the unique nature of each of the amino acids in the NSGAD peptide sequence, complete chemical shift assignment for the monomeric pentapeptide was achieved directly through the analysis of the spin-systems in the DQF-COSY spectra (Wuethrich 1986 ). Chemical shifts and other NMR parameters are listed in table 1. The temperature dependence of the amide proton chemical shift of the peptide at two di¡erent concentrations (6 and 0.6 mM), was determined over the range 292^315 K. In all cases the temperature dependence was linear and no signi¢cant change was observed following dilution, thus excluding the possible involvement of signi¢cant intermolecular interactions. In the presence of intermolecular interactions the NMR parameters should change signi¢-cantly upon dilution.
Generally speaking, amide proton temperature coe¤cients lower than those expected for random coils (ca. 77 ppb K 71 ) (Merutka et al. 1995) may be taken as indicative of the presence of some folded structure, where the exposure to the solvent would be prevented. However, only when the observed coe¤cients are lower than 4 ppb K 71 can one assume the presence of relatively strong hydrogen bonds. In table 1 the data for the pentapeptide NSGAD show some low temperature coe¤cients, suggesting a folded conformation. In particular, these are referred to the amide proton of Ser2 (73.3 ppb K ). It is reasonable to assign such lowered coe¤cients to the involvement of these hydrogen atoms in hydrogen bonding which induces a stronger resistance to the temperature-induced variations on the chemical shift of the amide protons. Accordingly, one might suggest that the Asp1 side-chain behaves as a hydrogen bonding donor to the acceptor DMSO solvent (see } 4). In the case of Ser2, an intraresidue hydrogen bond is proposed involving Ser2 Og. . . HN Ser2, by analogy with the behaviour of the similar peptide (ThrGly) 3 (Castiglione-Morelli et al. 1995) .
The presence of a type II b-turn, as suggested by the CD spectra, could span from residue 1 to 4, involving a 4 31 hydrogen bond between the C^O of Asn1 and the PERIOD repeats ¢ne-tune the circadian clock V. Guantieri and others 2285 ¢gure 5) providing a reliable indication of the existence of a turn conformation. Furthermore, there is evidence for a strong NOE between Ha Ser2 and HN of Gly3, which is characteristic of a type II b-turn, and is sustained by the absence of a type I sequential dNN NOE for residues i + 1 and i + 2 of the turn. This permits the unambiguous classi¢cation of the b-turn as type II, rather than type I or III (Wagner et al. 1986 ).
DISCUSSION
D. melanogaster populations in the wild, display length variation in the repetitive Thr-Gly region of the per gene, with the polymorphism showing a structured geographical di¡erentiation in Europe (Costa et al. 1992) . Latitudinal clines of this kind are suggestive of natural selection, with temperature representing one of the most obvious selective agents. Selective forces have been implicated in the evolution of this region (Peixoto et al. 1993 Rosato et al. 1994 Rosato et al. , 1997 and various natural and in vitro-generated mutations of the per Thr-Gly repeat disrupt the temperature stability of the £y's circadian clock (Ewer et al. 1990; Sawyer et al. 1997; Peixoto et al. 1998) . Interestingly, in Neurospora two frq mutations that produce poor temperature compensation of the circadian conidiation rhythm, map to the immediate £anking region of the fungal Thr-Gly repeat suggesting conservation of function (Aronson et al. 1994) .
The results of the present study clearly indicate that the NSGAD molecules of di¡erent lengths (pentapeptide versus polypeptide) can adopt di¡erent conformations. In fact, CD spectral data, con¢rmed by the NMR, were diagnostic of the presence of type II b-turns, which appeared to be more evident for poly(Asn-Ser-Gly-AlaAsp) n when this was tested in TFE. In addition, the spectra clearly suggested a stabilization of the folded conformation with increasing chain length, which is clearly important given the number (4 30) of such pentapeptide repeats in natural populations of D. pseudoobscura (Colot et al. 1988; Costa et al. 1991) . These data are further indicative of the presence of a type II b-turn which could span from residue 1 to 4, involving a 4 31 hydrogen bond between the C^O of Asn1 and the HN of Ala4 (¢gure 4). By analogy with the case of (Thr-Gly) 3 (CastiglioneMorelli et al. 1995) , a Gly is at position i + 2 of the turn, and an amino acid, involved in a highly stabilizing intraresidue hydrogen bond, is present at position i + 1 (¢gure 4). Furthermore, when the peptides are under conditions of low polarity, the polymer adopts structures that are less folded and less compact than the pentamer. It is of particular interest that the results of this study should strongly indicate the presence of a type II b-turn having Ser-Gly at the corners. In fact it can be immediately concluded that even in the case of Thr-Gly, we are dealing with a type II b-turn (and not type III, which was originally thought to be unlikely, but could not be completely excluded on the basis of the data from Castiglione- Morelli et al. (1995) ). The presence of a hydroxylated residue at this position is probably essential for the stabilization of the turn. Accordingly, one could say that selection has acted on the sequence Thr(Ser)Gly in order to conserve the type II b-turn secondary structure.
In D. pseudoobscura there are greater than 30 copies of the pentapeptide repeat. In the Ayala strain for example, from which per was initially identi¢ed (Colot et al. 1988) , there are 24 copies of the consensus NSGAD, and ten copies of the consensus TSGAD (Nielsen et al. 1994) . We predict that substituting T for N would have no e¡ect on the b-turn. In fact, it is well known that the residues essential for the stabilization of the turns are those at the position i + 1 and i + 2, in this case the couple Ser-Gly (¢gure 4). Furthermore, the side-chains of T and N are both polar with similar hydrogen bonding properties, which would presumably give rise to similar interactions with the surrounding medium.
It is of course almost impossible to establish how the results described here might relate to the polarity of the in vivo microenvironment in which the PER molecule functions, and therefore to ascertain whether the b-turn might represent the predominant conformation in the native structure of the NSGAD repeat. However, it is apparent that there is substantial structural lability in these NSGAD sequences following even subtle changes in the microenvironment. Furthermore, the length of poly-NSGAD also appears to have structural implications. Given these ¢ndings, it is tantalizing to contemplate the possibility that interactions between NSGAD length and polarity might play signi¢cant functional roles with respect to the PER molecule in D. pseudoobscura, in much the same way as was hypothesized previously for PER in D. melanogaster (Castiglione-Morelli et al. 1995) .
This view ¢nds support in an attractive model, based on experiments which show that both inter-and intramolecular interactions of D. melanogaster PER regions in the vicinity of the PAS l (after PERIOD, ARNT and SIM, the three proteins in which PAS was initially detected) protein dimerization domain, encoded upstream of the Thr-Gly domain, may give rise to temperature compensation (Huang et al. 1995; Gekakis et al. 1995) . Perhaps length di¡erences in the repeats of 
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Ser2 Gly3 Ala4 Asp5 Figure 5 . Summary of the NOEs observed at 293 K for the peptide NSGAD in DMSO-d 6 . The thickness of the lines represents the NOESY cross-peak intensities according to Wuethrich (1986) .
D. melanogaster and D. pseudoobscura, may alter the e¤ciency of these interactions in the amino-terminal domain at higher temperatures, which would be re£ected in subtle changes in the thermal stability of circadian behaviour (Sawyer et al. 1997) . In this way, the repeat length would be indirectly a¡ecting temperature compensation, so that natural Thr-Gly or NSGAD length variation, through the intervention of natural selection, could ¢ne-tune the temperature compensation mechanism to particular thermal environments. Given the extensive geographical (and thermal) ranges of both D. melanogaster (Oakeshott et al. 1982) and D. pseudoobscura (Dobzhansky 1973) , a systematic survey of D. pseudoobscura NSGAD length variation should be attempted. To conclude, it is apparent that this study, together with the results of previous work (Castiglione-Morelli et al. 1995) , represents a useful approach for studying the relationship between amino-acid sequence, peptide structure and function. Without the conformational study, it would have been di¤cult to predict, from sequence information alone, that the radically di¡erent (Thr-Gly) 3 in D. melanogaster, and the consensus NSGAD in D. pseudoobscura, would`turn' out to be structurally similar.
